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1.1.1 Introduction 
Inside an accelerator beam pipe electrons are generated via ionization of the 
residual gas, and from the vacuum-chamber wall via photoemission due to synchrotron 
radiation or via secondary emission due to electron or ion impact. These electrons can 
collectively or coherently interact with the beam and, thereby, degrade the 
performance of accelerators operating with intense positively charged beams. 
Examples of accelerators presently observing an electron cloud comprise the positron 
rings of the two B factories at SLAC [1] and KEK [2], the Relativistic Heavy Ion 
Collider (RHIC) at BNL [3], and the Los Alamos Proton Storage Ring [4,5]. Electrons 
are also expected to possibly pose limitations for many future projects, such as the 
Large Hadron Collider (LHC) [6], under construction at CERN, the Spallation Neutron 
Source (SNS) at Oakridge [7], and the positron damping rings of future linear colliders 
[8,9]. Important theoretical studies concern the build up of the electron cloud, the 
single bunch instabilities, the multi-bunch instability, and the incoherent effects. Most 
of these phenomena can be addressed by simulation codes. 
 
In the following, I attempt to summarize the history of electron-cloud observations 
and their interpretation, the analytical models and the simulations of various electron-
cloud effects, the achieved level of understanding, the ongoing research activities and 
several open questions. Since the electron dynamics is similar for proton and positron 
rings, I will consider studies for both cases.  
 
1.1.2 History      
As early as 1967, instabilities driven by a cloud of electrons were seen at two 
Novosibirsk proton storage rings [10,11], where unusual transverse instabilities 
occurred both for bunched and unbunched beams. The interpretation that these 
instabilities were driven by electrons was first put forward by Budker and co-workers, 
who considered a model of coupled oscillations between the electrons and beam 
centroid as in Ref. [12]. Soon thereafter B. Chirikov studied the possible stabilization 
or destabilization of such 2-stream instabilities by Landau damping [13]. The 
instability in Novosibirsk was overcome by two different means [11]: (1) a further 
increase of the beam current, and (2) the installation of a transverse feedback system.  
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The deleterious effect of electrons gathered more prominence at the CERN 
Intersecting Storage Rings (ISR). Here, at the start of the 1970s, electrons created by 
gas ionization accumulated in the static attractive potential of the high-current coasting 
beams. Beyond a certain level of neutralization, the ISR beams became unstable. A 
theory of this instability was developed by Hereward [14], and, including Landau 
damping effects, by E. Keil and B. Zotter [15]. The ISR problem was cured by 
installing a large number of clearing electrodes, which extracted the electrons from the 
beam potential. In 1977 when an aluminium test chamber was installed in the ISR a 
different type of instability occurred with a bunched proton beam. Above a threshold 
current, a rapid fast pressure increase was observed, triggered by a shift in the 
horizontal beam orbit towards the centre of the chamber [16]. A characteristic feature 
of aluminium is its high secondary emission yield. O. Grobner explained the pressure-
rise threshold in the ISR by ‘beam-induced multipacting’, a resonance condition where 
secondary electrons emitted from the surface are accelerated in the field of a passing 
bunch such that they hit the opposite side of the chamber, producing new secondaries, 
just at the moment when the next bunch arrives. For a round beam pipe of radius b, the 
resonance condition reads NbLsepr0/b
2=1 [16], where the other symbols denote the bunch 
population, the bunch spacing in meter, and the classical electron radius. However, as 
we know now, the electron build for a bunched beam can also occur very far from this 
resonance condition, for example, when electrons either interact with several passing 
bunches or, in the opposite limit, when low-energetic secondaries survive during an 
extended gap [17]. 
 
At the end of the 1980s, after switching operation from electron to positron 
beams, the KEK Photon Factory observed a wide-band coupled-bunch instability, 
which had not been seen earlier with electrons [18]. The instability and its pattern 
could be explained by a short-range wake, which was attributed to photoelectrons 
[18,19]. The first computer code, PEI, simulating the electron-cloud generation and the 
ensuing wake-field was written by K. Ohmi in this context [19]. 
 
In preparing for the KEK B factory, the electron cloud formed by photoelectrons 
was studied at the TRISTAN accumulation ring and at BEBC by an IHEP-KEK 
collaboration [20]. In parallel, since 1995 a simulation campaign for the PEP-II B 
factory was begun at LBNL by M. Furman and G. Lambertson [21]. One of the 
consequences of this study was the decision to coat the PEP-II vacuum chamber by 
Titanium Nitride, so as to lower the secondary emission yield. The program POSINST 
has been in use and continually refined since this time. 
 
In 1997 simulations with yet another code, ECLOUD, predicted a strong effect for 
the LHC [22], the first proton ring with significant synchrotron radiation and a critical 
photon energy well above the photoemission threshold. The concerns here do not only 
pertain to the beam instabilities, but also to the heat load deposited by the electrons 
which impinge inside the cold magnets [23,24,25]. About two years afterwards the 
electron cloud was indeed observed with the LHC-type beam in the LHC injectors SPS 
[26] and, a little later, in the PS [27]. It manifested itself by its perturbing effect on the 
beam diagnostics (feedback pick ups, beam position monitors, secondary emission 
grids), by a pressure rise of about 4 or 5 orders in magnitude, and by both single- and  82 
 
 
multi-bunch instabilities. Since then a plethora of unique diagnostics was developed 
and many experiments were performed at CERN, both in the laboratory and also with 
an actual beam in the CERN SPS. The measurements at the SPS addressed the beam 
stability [28] as well as the properties and dependence of the electron-cloud build up 
on various parameters, like the beam sizes, beam intensity and chamber geometry [29]. 
 
Partly in response to the potential danger from the electron cloud, the LHC 
vacuum chamber is being prepared in a variety of ways. Namely, (1) a sawtooth 
pattern is impressed on the horizontal outward side of the beam screen mounted in the 
cold parts of the machine, reducing the photon reflectivity inside the strong dipole 
magnets [30]; (2) the pumping slots at the top and bottom of the vacuum chamber are 
shielded so as to prevent a direct impact of electrons onto the cold bore (at 1.9 K) of 
the magnet [31]; (3) the warm sections (about 20% of the LHC circumference) are 
coated with a newly developed getter material TiVZr [32], whose maximum secondary 
emission yield is low (between 1.1 and 1.4); (4) the commissioning program is tailored 
so as to maintain a continuous electron flux onto the surface of the chamber,   
sufficiently low that the heat load stays within the tolerance [33]. The reduction of the 
secondary emission yield as a function of the deposited electron dose has been 
measured and demonstrated both in the laboratory [34] and in the SPS for a warm 
surface [29]. The mechanism of this surface conditioning by the impinging electrons is 
not well understood, and further studies at cryogenic or liquid-helium temperatures are 
presently under way at CERN. 
 
1.1.3 Electron-Cloud Build Up  
Simulating the build up of the electron cloud, as done in the programs PEI, 
POSINST, ECLOUD, and the newer 3-dimensional PIC code CLOUDLAND [35], 
relies on accurate models of the primary electrons and of the secondary emission 
process. For example, the secondary emission probability depends on the energy of the 
incident electron, on its angle of incidence, and on the history of the surface (e.g., 
[21]). It may also be different for cold or warm temperatures and in a magnetic field. 
The energy distribution of the primary and secondary electrons is also an  important 
factor, which critically determines the survival time of electrons between bunches. 
Several measurements aimed at characterizing these variables and dependencies were 
performed by N. Hilleret and colleagues at CERN, R. Kirby and co-workers at SLAC, 
also by T. Toyama and co-workers in KEK, and lately by R. Cimino and I. Collins, the 
latter two also at CERN. At low incident energies, there is a large nonzero probability 
that an electron hitting the surface will be reflected and does not enter into the metal. 
The latest measurements by Cimino/Collins suggest that this probability increases to 
one in the limit of vanishing energy, which appears consistent with a quantum-
mechanical calculation, as first pointed out by M. Blaskiewicz of BNL. The inclusion 
of this elastic component has a large impact on the simulation results, e.g., it can 
increase the simulated heat load for the LHC by a factor 5 or more. 
 
Often the cloud often is not uniform. Inside dipole magnets, it may build up in the 
form of 1, 2 or 3 vertical strips of high density, depending on the beam intensity 83 
 
[22,29,36]. The regions of high density correspond to electron impact energies for 
which the secondary emission yield is maximum. Their location depends on the 
surface properties, the electron dynamics, and on the beam parameters. 
 
Detailed comparisons of the simulated and measured electron-cloud build up and 
its spatial or time structure were made for a beam consisting of closely spaced bunches 
at the KEKB positron ring [37] and in the CERN SPS [38], and for a long proton 
bunch at the Los Alamos PSR [39]. In particular, the simulations demonstrated that a 
weak solenoid field (a few Gauss) or an electric field of about 100 kV/m [40] (e.g., 
clearing electrode) significantly suppress the cloud build up, consistent with 
observations. 
 
The mechanism of electron build up for a bunch train is different from that for a 
single long bunch. In the case of a bunch train the electrons are amplified by the multi-
bunch multipacting process, described above, which is also known as ‘multibunch 
passage multipacting’ [7]. Simulated and measured build up times along a bunch train 
were found to be in excellent agreement both for KEKB and the SPS. Usually it takes 
10-20 bunches for an electron cloud to build up to the saturation level, where losses 
due to electron space-charge forces and the influx of newly generated electrons 
balance each other. In the case of a single long bunch the electrons can reach 
saturation during a single bunch passage.  In this case the electrons amplify at the 
trailing half of the bunch, where the beam potential steadily decreases. Electrons can 
leave the beam potential, hit the wall, and create secondaries, which are accelerated by 
the present part of the beam, again acquire a net energy due to the decrease of the 
instantaneous beam current, and are lost to the wall as well. This process can repeat for 
about 20 times during one bunch passage. If the energy gain of the electrons is high 
enough, their number increases at each passage across the beam. This amplification 
process has been called ‘trailing edge multipactoring’ [41]. Extensive simulations of 
this process where performed for the Los Alamos PSR by M. Furman and M. Pivi, 
who, also for this case, obtained a good agreement of the simulated electron flux and 
electron energy spectrum with measurements. However, the trailing-edge 
multipactoring process is extremely sensitive to the detailed shape of the longitudinal 
bunch  profile, which determines the energy gain and thus the amplification of 
electrons. This sensitivity was confirmed, for example, in a recent study for Los 
Alamos [42]. The trailing-edge multipactoring effect is also relevant for a possible 
future luminosity upgrade of the LHC, which could be based on long superbunches 
[43]. 
 
A novel approach for computing the electron-cloud formation was recently 
developed by A. Novokhatsky and J. Seeman [44] as an alternative to the multi-
particle simulations. It is based on a numerical solution of the linearized Vlasov 
equation. So far this new scheme has only been implemented for a simplified geometry 
with a round chamber and no magnetic field. Comparisons with the more traditional 
simulations or with experiments have not yet been performed. 
 
For positron beams and the LHC the distribution of the photoemission around the 
ring and azimuthally across the chamber are important, as is the energy spectrum of  84 
 
 
the photoelectrons. In particular, the reflectivity of the primary photons can have a 
dramatic effect on the simulation results. One distinguishes forward scattering, diffuse 
scattering, and backward scattering, all of which can be parametrized based on 
measurements, e.g., [45]. 
 
Modelling fine details of the vacuum chamber and the beam fields are necessary 
to make accurate quantitative predictions. An interesting work on this topic was 
performed this year by K. Harkay and her students at the ALS [46]. Other detailed 
experimental studies and comparisons with simulations were conducted since many 
years at BEPC in Peking using a variety of programs, in preparation for the BEPC-II 
upgrade [47]. 
 
1.1.4 Instabilities  
A blow up of the positron-beam vertical beam size was observed in the KEK B 
factory since 1999. It has been interpreted as a head-tail instability driven by an 
electron cloud [48,49]. In 2002, at KEKB the head-tail motion could directly be 
detected by a streak camera (J. Flanagan, H. Ikeda, et al.). Similar single-bunch 
instabilities induced by an electron cloud were also observed, e.g., using wideband 
pick ups, with the LHC proton beam in the CERN SPS since about 2000. The codes 
PEHTS by K. Ohmi and HEADTAIL by G. Rumolo and F. Zimmermann model the 
interaction of a single bunch on successive turns with an electron cloud that is 
supposed to be (re-)generated by preceding bunches. These codes also provide a 
simulated shape of the short-range wake field by displacing a bunch slice and 
computing the resulting force on the following parts of the bunch. Similarly, the long-
range bunch-to-bunch wake can be obtained from the build-up simulations (e.g., in the 
codes PEI, POSINST or ECLOUD) by displacing one of the bunches. Recent studies 
by Daniel Schulte at CERN have revealed that the long-range wake varies greatly 
along the length of a bunch, indicating that these wakes may strongly drive higher-
order coupled head-tail modes.  
 
Several simple two or multi-particle models have been employed to estimate the 
threshold of the electron-cloud instability, which appears akin to a transverse mode 
coupling (TMCI) or strong head-tail instability. It is important to note, however, that 
the wake of the electron cloud differs from an ordinary wake in that it violates both 
linearity and time invariance.  One of these factors, the time dependence, can be taken 
into account by extending the usual concept of wake and impedance to an additional 
dimension and employing two-dimensional Fourier transforms. This extension was 
worked out in full beauty by E. Perevedentsev, who also derived the transverse mode 
coupling threshold for such a generalized wake [50].  
 
The interplay of the electron-cloud wake with a conventional impedance or with 
space charge forces has been studied by various authors, in particular by G. Rumolo 
[51]. These additional forces are easily implemented in simulation codes. G. Rumolo 
found a strong synergy using the HEADTAIL code. Describing the combined action of 
impedance and electron cloud by a two-particle model and a simplified matrix 85 
 
formalism, K. Cornelis has shown that the TMCI threshold in a flat chamber is (much) 
higher than that in a round chamber and that the main effect of the electron cloud is to 
make the flat chamber look like a round chamber [52].  
 
Nonuniformity of the electron cloud, e.g., if it consists of 2 or 3 vertical strips, 
introduces additional nonlinearities, which can alter the beam dynamics. At locations 
with nonzero dispersion it could also be a source of synchro-betatron coupling.  
 
For modelling the electron-dynamics and the beam instability correctly, both 
magnetic and electric boundary conditions and image currents are important. Recently, 
electric boundaries, in particular, the electron-image forces, were shown to make a 
large impact in simulations of a quasi-continuous beam-electron interaction [53].  
 
In the case of a proton collider like the LHC, with little radiation damping, a 
potential long-term emittance growth below the TMCI threshold is a further concern. 
The usual instability simulations consider lumped interactions between a bunch and 
the electron cloud, which are located at a few discrete positions around the ring. These 
simulations always show a nonzero emittance growth [54,55], but the value of this 
emittance growth strongly depends on the choice and the number of the beam-electron 
interaction points [55]. Some simplistic plasma-type simulations have also revealed a 
similar emittance dilution [56]. Studies by E. Benedetto showed that systematic or 
random assignments of the intermediate betatron phases from turn to turn also give 
different results, indicating the possibility that the emittance growth is a purely 
numerical artifact [55]. This issue may soon be clarified by T. Katsouleas and A. 
Ghalam at the University of Southern California and their co-workers, who are 
performing detailed simulations of the continuous beam-plasma interaction using the 
3-dimensional plasma code QUICKPIC [53]. 
 
Plasma treatments using a delta-f method for solving the Vlasov equation of a 
coasting beam interacting with an electron cloud were incorporated by the Princeton 
group, R. Davidsson and H. Qin, in the BEST code and applied to the Los Alamos 
PSR. Likewise T.-S. Wang (Los Alamos) and M. Blaskiewicz (BNL) have studied and 
simulated the instabilities in the Los Alamos PSR [57,58]; the latter also investigated 
the SNS, and the AGS booster [59.60]. A satisfactory level of understanding was 
achieved, though a few critical points (for example the near independence of the 
instability threshold on the bunch length in the PSR) still remain to be understood [58]. 
 
At both B factories the combined action of beam-beam interaction and electron 
cloud appears to be stronger than the sum of the two single effects. Several few-
particle models were developed, both in weak-strong [50] and in strong-strong 
approximation [61], to illuminate this issue. Also multi-particle simulations were 
performed [61]. The results were not completely consistent with each other and neither 
with observations (e.g., concerning the effect of chromaticity). More studies of this 
interplay are needed. 
 
An unsolved mystery also is why in almost all cases the single bunch instabilities 
driven by electrons are observed in the vertical plane (for example at KEKB or the  86 
 
 
CERN SPS), whereas the blow up at PEP-II predominantly happens in the horizontal 
plane. 
 
1.1.5 Other Issues 
In addition to coherent instabilities, a further possible source of emittance growth 
are incoherent effects, for example the incoherent tune shift and resonances driven by 
the highly nonlinear electron force, which emerges because the electrons are strongly 
attracted by the nonlinear field of a bunch during its passage. The local density at the 
transverse beam center can increase by a factor of 20—50 along the length of a 
passing bunch [62]. This ‘electron pinch’ leads to a tune shift increase along the 
bunch, which may also excite synchro-betatron resonances  [62]. Preliminary 
analytical estimates of the tune shift and synchro-betatron excitation were presented in 
[62,63]. Transverse nonlinear resonance excitation by the pinched electron cloud were 
recently unveiled [54] by a frequency-map analysis a la Laskar [64], using a frozen-
field approximation. 
 
A single high-energetic ion lost to the wall can liberate up to 10
7 electrons. This 
provides another rich source of electrons, which is of relevance for the heavy-ion 
beams in RHIC and in the LHC, as well as for proton collimators, e.g.,  at the LHC or 
the SNS. Studies of the possible existence of an electron cloud at the LHC proton 
collimators have been launched at CERN by A. Ferrari et al.[65], and first results of 
FLUKA simulations are available which can be used as input for other codes such as 
the KEK-EGS version and ECLOUD. The dependence of the electron multiplication 
on the collimator geometry and gap size is also under closer investigation. Electrons 
generated by beam loss from collimators have also been a study item for the SNS 
project [66].  
 
The interaction of microwaves, e.g., injected either intentionally or in the form of 
wake fields created for example at the collimators, with the electron cloud is another 
open issue, which was put forward by F. Caspers, A. Chao, and S. Heifets. Preliminary 
evidence at PEP-II by F.-J. Decker [67] and at the CERN SPS by F. Caspers [68] 
suggests that there could be a large effect. 
 
Finally, according to simulations an electron cloud can in principle also be formed 
in electron storage rings, and might lead to a multi-bunch wake field there as well [69]. 
This has not yet clearly been demonstrated in practice. Circumstantial evidence from 
the APS was reported by K. Harkay and co-workers [70]. 
 
1.1.6 Epilogue 
There have been many other original studies of electron clouds and their effects, 
for example many beautiful experimental studies at the Los Alamos PSR by R. Macek 
and his colleagues [71] or at the APS by K. Harkay [72] and many further intriguing 
simulations, e.g., by K. Ohmi at KEK, G. Rumolo now at GSI, and S. Heifets at 87 
 
SLAC. The latter has, in particular, argued that for much higher bunch charges and 
short bunch spacings the number of electrons will be limited and that the electrons will 
be confined to the vicinity of the wall [73]. 
 
I apologize to those colleagues whose work I inadvertently omitted from this brief 
review. A comprehensive and rather complete overview of the present state of the art 
can be found in the proceedings of ECLOUD’02 [74]. A few more recent observations 
and some newer developments were presented at the PAC 2003 [75].  
 
1.1.7 Outlook 
In the near future two dedicated electron-cloud workshops are planned. 
 
The first workshop, on 'Beam Induced Pressure Rise in Rings', (13th ICFA Beam 
Dynamics Mini-Workshop), will be held at BNL, December 9-12, 2003. It focuses on 
the mechanisms of beam-related pressure rise, in particular the pressure rise limiting 
the performance of RHIC, and it specifically addresses the electron cloud as one 
dominant mechanism. More informations can be found on the workshop web site 
http://www.c-ad.bnl.gov/icfa. The organizer and contact is S.Y. Zhang [76]. 
 
The second workshop, ECLOUD’04, will completely be devoted to electron-cloud 
simulations and analysis. It will be held as an ICFA workshop as well, and it is 
tentatively scheduled for April 2003 near Berkeley in California. The organizer and 
contact of ECLOUD’04 is Miguel Furman at LBNL [77]. 
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